The toxic protein ricin (also known as RCA60), found in the seed of the castor plant (Ricinus communis) is frequently encountered in law enforcement investigations. The ability to detect ricin by analyzing its proteolytic (tryptic) peptides by liquid chromatography-tandem mass spectrometry (LC-MS/MS) is well established. However, ricin is just one member of a family of proteins in R. communis with closely related amino acid sequences, including R. communis agglutinin I (RCA120) and other ricin-like proteins (RLPs). Inferring the presence of ricin from its constituent peptides requires an understanding of the specificity, or uniqueness to ricin, of each peptide. Here we describe the set of ricin-derived tryptic peptides that can serve to uniquely identify ricin in distinction to closely-related RLPs and to proteins from other species. Other ricin-derived peptide sequences occur only in the castor plant, and still others are shared with unrelated species. We also characterized the occurrence and relative abundance of ricin and related proteins in an assortment of forensically relevant crude castor seed preparations. We find that whereas ricin and RCA120 are abundant in castor seed extracts, other RLPs are not represented by abundant unique peptides. Therefore, the detection of peptides shared between ricin and RLPs (other than RCA120) in crude castor seed extracts most likely reflects the presence of ricin in the sample.
Introduction
Ricin is a heterodimeric protein toxin found in the seeds of the castor plant, Ricinus communis (Olsnes and Kozlov, 2001) . Ricin is the best-known member of the family of ribosome inactivating proteins (Shi et al., 2016) . The A chain has rRNA N-glycosidase enzymatic activity, and removes an adenine base from eukaryotic ribosomes at a specific site (Endo et al., 1987) . This deadenylation blocks elongation factor binding, halting protein synthesis and leading to the toxic effects (Montanaro et al., 1975) . The B chain is involved in binding of ricin to the cell surface and internalization of the toxin (Simmons et al., 1986) . The castor plant is widely distributed (in the wild, as an ornamental plant, and as an oilseed crop). Instructions for crude homemade ricin preparations are readily available, and ricin-related events have captured considerable media attention. As a result, crude ricin preparations are commonly encountered in law enforcement and public health investigations (Bozza et al., 2015; Schieltz et al., 2011) . Several methods exist for detecting ricin (reviewed in Bozza et al. (2015) ) including enzyme-linked immunosorbent assays, cell-free translation inhibition assays, and various other ricin activity assays.
Numerous studies have also demonstrated that liquid chromatography-tandem mass spectrometry (LC-MS/MS) can effectively detect ricin (Fredriksson et al., 2005; Kalb and Barr, 2009; Kalb et al., 2015; Kanamori-Kataoka et al., 2011; Ma et al., 2014; Schieltz et al., 2011) . LC-MS/MS is well-known as the enabling technology of proteomics. In the technique known as bottom-up proteomics, peptides generated by digesting a protein sample with a high-specificity protease (usually trypsin) are analyzed by two stages of mass spectrometry. The first stage (MS) measures the mass of the intact peptide ions. In the second stage (MS/MS), a gas-phase peptide ion is isolated and then fragmented by collisions with an inert gas. Since peptides tend to fragment at the peptide bond, the differences in mass between the resulting fragment ions encode information about the amino acid sequence of the peptide. The presence of a protein is inferred from the detection of its constituent tryptic peptides.
In many cases, a given peptide sequence will map to a single protein, and the inference is straightforward. However, when a given peptide is a constituent of more than one protein (due to protein isoforms, splice variants, or closely related gene families), the situation is more difficult. Unambiguously demonstrating the presence of ricin in forensically relevant samples such as crude castor seed mash is potentially challenging because ricin has several close sequence relatives.
Early Northern blot studies (Halling et al., 1985; Tregear and Roberts, 1992) , borne out by recent genomic (Chan et al., 2010) , sequence analysis , and in vitro protein expression studies , have shown that ricin is a member of a gene family in R. communis. The most commonly referenced ricin sequence, sometimes called ricin D, is found in UniProt accessions P02879 and B9T8T0 (The UniProt Consortium, 2015) . The two sequences are identical; B9T8T0 comes from the whole genome sequencing effort (Chan et al., 2010) , whereas P02879 predates the genome sequence. Ricin is also sometimes called RCA60 (Ricinus communis agglutinin, molecular weight 60 kDa) or R. communis agglutinin II. We generally refer to ricin D simply as ricin. Another major ribosome-inactivating protein in castor seeds is usually called RCA120 (molecular weight~120 kDa), R. communis agglutinin I or simply R. communis agglutinin, which also has A and B subunits which have 94% and 84% sequence identity to the ricin A and B chains, respectively. Some R. communis cultivars have an additional ricin variant called ricin E. Ricin E is thought to have arisen from ricin gene duplication and recombination with RCA120 (Araki and Funatsu, 1987) . The ricin E sequence is identical to the ricin D A-chain and N-terminal portion of the Bchain, with the C-terminal portion of the B chain identical to RCA120 (Araki and Funatsu, 1987) . In addition to ricin and RCA120, there are 28 putative gene models predicted within the castor plant genome with high sequence homology to ricin D (Chan et al., 2010) , six of which were predicted to be authentic genes and not pseudogenes , and demonstrated to have A chains with rRNA N-glycosidase activity in vitro ) (See Table 1 ).
Distinctions between ricin D, ricin E, and RCA120 are often made in biosecurity-and forensics-oriented studies of ricin (e.g., crossreactivity of antibodies, etc.) (Fredriksson et al., 2005; Worbs et al., 2015a Worbs et al., , 2015b . Other ricin-like proteins (RLPs) are less commonly accounted for. RNA transcripts for the genes of several ribosome-inactivating proteins, including two of the RLPs with demonstrated in vitro activity, have been detected by quantitative PCR in castor seeds at various developmental stages (Loss-Morais et al., 2013) , but at levels 30e200 fold lower than ricin. Little is known about expression at the protein level, but proteomics studies have reported some ricin-like proteins in individual tissues of the castor seed (nucellus (Nogueira et al., 2012b) and endosperm (Nogueira et al., 2013) ). The potential presence in castor seeds of many proteins with high sequence homology to ricin implies that many tryptic peptides attributable to ricin would be equally attributable to other ricin-like proteins. Thus, not every detected ricin peptide is equally useful in proving the presence of ricin in a sample.
The first goal of this paper is to qualitatively examine the evidentiary value of tryptic peptides of ricin. In other words, to answer the question: when does detection of a peptide whose sequence occurs in ricin necessarily imply the presence of ricin protein in the sample? We address this question by an in silico bioinformatics approach. Others have dealt with the issue of shared peptides between ricin D, ricin E, and RCA120 (Fredriksson et al., 2005; Kalb and Barr, 2009; Worbs et al., 2015a) . Worbs et al. (2015b) and Dupr e et al. (2015) discuss ricin peptides shared with other proteins. We expand the analysis in detail to all proteins from castor plant and further to all protein sequences present in a large public repository (NCBInr). 1 We divide the tryptic peptides of ricin into three categories: unique to ricin, shared between ricin and one or more proteins from the castor plant (including RLPs), and shared with proteins from other species, and discuss the forensic relevance of each category. A related question is: to what extent might the evidentiary value of ricin-derived peptides be influenced by the relative expression levels of ricin, RCA120, and RLPs? Consider the hypothetical case of a peptide that can be derived from two proteins, one highly abundant and one vanishingly rare. The peptide observation would be better explained by the presence of the common protein than the rare one. We addressed this by identifying peptides that uniquely identify RLPs within the castor genome, which serve as a measure of RLP protein abundance that does not rely on shared peptides. We examine the occurrence of RLP-specific peptides in LC-MS/MS datasets from a collection of forensically relevant samples consisting of five different crude ricin preparation methods and nine different castor seed sources (a total of 55 samples). Our data reveals numerous abundant peptides from ricin and RCA120, including peptides unique to both proteins. By contrast, few peptides unique to other RLPs are detected. Those that are detected are of low abundance, or could potentially be explained as products of chemical deamidation (a common sample preparation artifact) or other artifacts. We therefore suggest that the peptides shared between ricin and RLPs most likely arise from ricin, and that RLPs (other than RCA120 and possibly ricin E, depending on cultivar) do not greatly impact the detection of ricin by LC-MS/MS.
Methods

Sequence analysis of ricin and ricin-like proteins for uniqueness of peptides
Sequences of ricin (unless otherwise specified, we will use "ricin" to refer to ricin D throughout), RCA120, and RLPs were downloaded from UniProt (P02879 or B9T8T0). The list of potential ricin RLPs was taken from Table S3 of Chan et al. (2010) . The list of RLPs likely to be authentic genes and not pseudogenes was taken from Table 1 of Weeks et al. (2010) and cross-referenced to the Chan et al. list. All tryptic or partially tryptic (i.e., at least one peptide terminus was a trypsin cleavage site) peptide sequences were generated in silico using the Protein Digestion Simulator software (http://omics.pnl.gov/software/protein-digestion-simulator). The existence of each ricin-derived peptide sequence in one or more RLP sequences was determined by comparing the peptide sequences using a custom R script. Each ricin peptide was also used as the query of BLASTP searches of three different protein sequence databases, the first two of which are subsets of the National Center for Biotechnology Information Non-redundant database (NCBInr).
1 The National Center for Biotechnology Information (NCBI) is part of the National Library of Medicine, which is part of the United States National Institutes of Health. NCBI curates and hosts nucleic acid and protein sequence databases to support biomedical research. The NCBInr database collects data from a variety of curated (SwissProt, Protein Data Bank, NCBI RefSeq) and non-curated (GenBank, trEMBL) sequence databases. Entries with identical sequences are merged into one entry, and the information on all the merged entries is included in the new header. Although it is biased toward model organisms in biomedical research and does not include sequences from environmental metagenomics studies, NCBInr represents a convenient approximation to all publicly available protein sequences (roughly 94 million sequences). See ftp://ftp.ncbi.nlm.nih.gov/blast/db/README.
NCBInr is an aggregated protein sequence database compiled from both reviewed (i.e., human-curated) sources such as SwissProt and RefSeq, and unreviewed databases such as trEMBL and GenBank. (It is important to note that "unreviewed" does not imply that the sequences are not correct. Manual review of all deposited sequences is not practical. Reviewed/unreviewed status is actually more closely correlated with how extensively a protein has been studied.) NCBInr is the set union of all of these resources, in which groups of entries with identical sequences are collapsed into single entries. We chose to use NCBInr, which contains roughly 129 million sequences, in order to capture as broad a swath of known biological sequence space as practical. This choice allows us to determine which peptides belong exclusively to ricin with a high degree of stringency. Using a smaller, manually curated database such as UniProt/SwissProt (roughly 555,000 sequences) would have resulted in a less conservative list of which peptides are unique to ricin.
The databases used were (1) NCBInr, excluding R. communis sequences. This search determines if the exact sequence appeared in any another organism represented in the database. (2) Sequences from R. communis present in NCBInr (which includes the castor plant genome sequenced by Chan et al. (2010) Table 1 ) removed. The local database was created and searched using BLAST þ software from NCBI. A custom Python script was used to isolate only results with a greater than 90% match to the queried peptide. These results were manually reviewed to ensure that variant sequences differing only in the isomeric and isobaric amino acids leucine and isoleucine, which cannot be distinguished by our mass spectrometry method, were accounted for. A custom R script compiled the results of these searches and sorted the ricin peptides into three groups based on uniqueness, which we designate by colors. Red peptides are found only in ricin, and in no other protein or organism in NCBInr. These peptides are unique to ricin. Blue peptides are found in ricin and one or more related proteins from R. communis, but not in any other species or organism. These peptides, which are unique to R. communis, include peptides from RLPs. Black peptides are shared between ricin and one or more proteins originating from proteins from other organisms.
To obtain a measure of the abundance of RLPs, we first determined the set of peptides specific to RLPs. A custom R script was used to compare all theoretical fully tryptic peptides from the UniProt R. communis proteome. RLP-specific peptides were those occurring in one or more of the RLPs in Table 1 , but not occurring in ricin, RCA120, or any other castor plant protein. Weeks et al. (2010) . These entries were judged to be authentic genes. The A chains were subsequently recombinantly expressed and purified and found to have rRNA N-glycosidase (ribosome inactivating) activity . c B9T8T0 is the entry for ricin from the whole genome sequence (Chan et al., 2010) . The reviewed UniProt entry for ricin is P02879, which is identical (100% sequence identity over its full length) to B9T8T0. d The reviewed UniProt entry for RCA120 is P06750. B9T7K1 differs from P06750 by an N-terminal extension of eleven residues (MKPGGNTIVI) that is presumably a miscalled initiation site, and by four amino acid point mutations. We have presumed throughout that this is the allele of RCA120 present in the Hale cultivar (from which the whole genome sequence was determined.)
Ricin and castor seed samples
Castor seeds for various cultivars were obtained in different ways. A local ornamental plant (Richland, Washington), similar in appearance to cultivar Carmencita, provided seeds for many experiments (referred to as "PNNL"). Cultivar Zanzibarensis seeds were obtained from Bouncing Bear Botanicals (Lawrence, Kansas). The commercial oilseed varieties GCH4 and TMVCH1 were obtained from Asian Green Fields (Tamil Nadu, India). Finally, four samples were selected from a worldwide collection of castor seeds described in Kreuzer et al. (2013) and currently housed at PNNL. These samples were designated 592, 829, 611, and 200c, and were derived from an unknown cultivar, a cultivar Savana hybrid from Brazil, a cultivar Sanguineus plant from Ontario, Canada; and a wild plant of cultivar Carmencita from Suriname, respectively. These last four samples had been autoclaved prior to long-term storage at room temperature.
Crude ricin preparations 2.3.1. Safety precautions
Extreme caution should be exercised in working with castor seeds to prevent exposure to ricin toxin. Intact castor seeds can be safely handled, but mashing of seeds and subsequent manipulations were carried out in a chemical fume hood or a Class II Type B2 biological safety cabinet. Appropriate personal protective equipment, including long-sleeved lab coats, nitrile gloves, and safety glasses was also worn. These precautions are generally equivalent to those appropriate for biosafety level 2 agents. Consult Biosafety in Microbiological and Biomedical Laboratories (Centers for Disease Control and Prevention, 2009) for more information. After extraction, we inactivated the toxin by heating to 100 C for 1 h.
Castor seed extract preparation
We used four different methods to prepare crude castor seed extracts in this study, which we designate M0, M1, M2, M3, and M4. M0 consisted simply of mashing the seeds, including the seed coat, to a semi-uniform consistency. M1 involves soaking the seeds in sodium hydroxide solution, removing and discarding the seed coats, and then grinding the peeled seeds. M2 entails washing the product from M1 with acetone. M3 and M4 are protein precipitation methods using magnesium sulfate or acetone as the precipitant, respectively. M1, M2 and M4 correspond to the castor mash (CM), acetone extraction (AE), and acetone precipitation methods, respectively, described previously (Wunschel et al., 2012) . M3 is described in Colburn et al. (2010) .
Protein extraction and trypsin digestion
Unless otherwise specified, chemicals were from Sigma and were reagent grade or better. Aliquots of each crude castor preparation (25e30 mg) were weighed in microcentrifuge tubes, and ground with a micropestle in 500 mL of buffer (PBS from 10x concentrate, Fluka, containing 11.9 mM phosphates, 137 mM sodium chloride, 2.7 mM potassium chloride, pH 7.4, to which we added 0.01% Tween-20). Samples were then centrifuged for 10 min at 4 C and 16,000 g. Typically, three phases formed: a solid precipitate, a clear aqueous phase, and an upper cloudy layer containing the partially solidified castor oil. The aqueous layer was pipetted to a new microcentrifuge tube. To denature and reduce the proteins, solid urea was added to a final concentration of~8 M, and 500 mM dithiothreitol (Thermo Scientific) was added to a final concentration of 5 mM. The samples were then incubated at 37 C for 60 min and allowed to cool. To alkylate free thiol groups on cysteine residues, 400 mM iodoacetamide (Thermo Scientific) was added to a final concentration of 15 mM, and the samples were incubated in the dark at 37 C for 60 min. The samples were then diluted 10-fold with ammonium bicarbonate buffer (100 mM, pH 8). Next, 1 M calcium chloride was added to a final concentration of 1 mM. Trypsin (mass spectrometry grade Trypsin Gold, Promega, Madison, Wisconsin) was added in a ratio of 1 mg of trypsin to 50 mg protein in sample. Samples were digested overnight at 30 C with gentle shaking. After digestion, samples were acidified by adding the appropriate volume of 10% trifluoroacetic acid (TFA) to achieve 0.1% final concentration, and desalted by solid phase extraction with Strata C-18 cartridges (Phenomenex, Torrance, California) on a vacuum manifold. Cartridges were conditioned with 1 mL methanol and equilibrated with 1 mL of 0.1% TFA. Sample was applied to the column, and the cartridge washed with 1 mL of 0.1% TFA/5% ACN. Sample collection tubes were placed in the manifold and samples eluted from the cartridge with 1 mL of 0.1% TFA/80% ACN. Samples were concentrated by vacuum centrifugation, assayed for total protein content by the bicinchonninic acid (BCA) assay (Thermo Scientific/Pierce Biotechnology, Rockford, Illinois), diluted to 0.01 mg/mL with HPLC-grade water or 94.95% HPLC water, 4.95% ACN, 0.1% formic acid, and transferred to vials for LC-MS/MS analysis.
LC-MS/MS analysis
Peptides were separated on a Waters NanoAcquity dual pump LC system (Waters, Milford, Massachusetts). The fused silica capillary column consisted of a trapping column (4 cm Â 150 mm inner diameter) and an analytical column (70 cm Â 75 mm inner diameter, 360 mm outer diameter). The columns were packed in-house with Jupiter C18 media (5 mm particle size for the trapping column, 3 mm particle size for the analytical column; Phenomenex, Torrance, California) using 1-cm sol-gel stabilized glass fiber frits for retention of the stationary phase medium (Maiolica et al., 2005) . Mobile phase A consisted of 0.1% formic acid in water. Mobile phase B consisted of 0.1% formic acid in acetonitrile. The injection volume was 5 mL (at 0.01 mg/mL peptide concentration) with a flow rate of 3 mL/min. The flow rate for the analytical column was 300 nL/min.
The gradient program was: 0 min, 2% B; 2 min, 8% B; 20 min, 12% B; 75 min, 30% B; 97 min, 45% B; 100 min, 95% B; 110 min, 95% B; 115 min, 1% B; 150 min, 1% B.
The LC was interfaced to either a Q Exactive Plus or Q Exactive HF mass spectrometer (Thermo Scientific, San Jose, California) by a home-built nano-electrospray ionization source using etched fused silica capillary emitters (Kelly et al., 2006) . The electrospray voltage was 2.3 kV and the ion transfer tube temperature was 325 C. Data were collected for 100 min, starting 15 min after the beginning of the chromatographic gradient. Both precursor and MS/MS spectra were collected in the Orbitrap mass analyzer to yield highresolution MS/MS spectra. On the Q Exactive Plus precursor spectra were acquired at 35,000 resolution (mass resolving power) for precursor spectra and MS/MS spectra at 17,500 resolution. On the Q Exactive HF, the resolution settings were 60,000 for precursor spectra and 15,000 for MS/MS spectra. For data-dependent acquisition of MS/MS scans, the twelve highest-intensity precursors were selected with the following parameters: repeat count, 1; exclusion time, 30 s; isolation window, 2.0 Da; normalized collision energy, 30 (higher energy C-trap dissociation [HCD] mode).
Data analysis
Database searches were conducted using MS-GFþ (Kim et al., 2008 (Kim et al., , 2010 Kim and Pevzner, 2014) as implemented in PNNL's PRISM data management system (Kiebel et al., 2006) using the following parameters: precursor mass tolerance, ±20 ppm; isotope error range, À1 to 1; semitryptic digestion rules; minimum peptide length 6; maximum peptide length 50; fragmentation method, HCD; and carbamidomethylation of cysteine residue as a static modification and methionine oxidation and protein N-terminal acetylation as variable modifications. Precursor masses were recalibrated after data acquisition but prior to MS-GF þ search using the DTARefinery software (Petyuk et al., 2010) , resulting in an average mass measurement error of À2.3 ppm (À0.5 ppm for filterpassing peptide spectrum matches). The searched database consisted of the R. communis proteome database from UniProt plus a set of common laboratory contaminants (human skin keratins, trypsin, common laboratory reagent proteins, etc.) The results files in mzML format were downloaded from PRISM and converted to a tab-separated value format using the MzIDToTsv utility of the command-line implementation of MS-GFþ with the "-unroll 0" option. We controlled the false discovery rate for detected peptides to approximately 1% by retaining only those peptide-spectrum matches with an MS-GF þ spectral probability value less than 1.8 Â 10 À10 and mass measurement errors between À10 ppm and 10 ppm. An additional database search using the Sequest HT algorithm and the Percolator post-processing algorithm as implemented in Thermo Scientific's Proteome Discoverer software yielded qualitatively similar results. For simplicity, we present only the MS-GF þ results. Custom R scripts were employed to filter peptide-spectrum matches, count the number of ricin-derived peptides for each sample type, and determine the list of RLP-specific peptides and their presence in our datasets. These scripts are available upon request. A small number of spectra had two (very similar) peptidespectrum matches with equal scores. These spectra were disregarded. Spectra and extracted ion chromatograms of peptides of interest were examined further in Skyline (MacLean et al., 2010; Schilling et al., 2012) .
Datafiles have been deposited in the PRIDE archive via ProteomeXchange (Vizcaíno et al., 2016; Deutsch et al., 2017) accessible at www.ebi.ac.uk/pride/archive/ under dataset identifier PXD007933.
Results
Bioinformatics evaluation of ricin-specific peptides and RLPSpecific peptides
In peptide-based proteomics, the identities of proteins are not directly determined, but are inferred from the identified peptides. Peptide sequences contained in more than one protein, such as a close homologue or a splice variant, create ambiguity in identifying the underlying protein. Ricin-derived peptides belong to one of three categories (see Fig. 1A ) as described in Methods: (1) unique and specific to ricin, and present in no other known sequences; (2) shared between ricin and closely related proteins such as RCA120 and other RLPs, but not found in other proteins or organisms, (3) shared between ricin and other proteins/organisms. For simplicity, we refer to these categories by the colors red, blue, and black, respectively, corresponding to Fig. 1 .
There are 62 fully tryptic ricin peptides with zero or one missed trypsin sites. We have compared the sequences of these peptides to other proteins sequences from the castor plant (including RLPs), and to NCBInr, and determined their color (uniqueness status; Table 2 and Table S1 ). The same results are mapped onto the ricin sequence in Fig. 1B . In principle (that is, in the absence of any other knowledge about protein occurrence), demonstrating the presence of ricin itself in distinction to RCA120 and other RLPs requires the identification of one or more red (unique) peptides.
Most red (i.e., unique to ricin) peptides are found in the A-chain, because the B chain has a long stretch with no trypsin sites, that is, lysine (K) or arginine (R) residues (Fig. 1B) . Of the listed peptides with no missed trypsin sites, red peptides tend to be longer, in keeping with the statistical expectation that a longer sequence is less probable and thus more likely to be specific. Peptides with missed trypsin sites are also often unique, again because of length but also because many red peptides with missed trypsin sites are extensions of smaller red peptides with no missed trypsin sites. Conversely, many black peptides are short (six to ten residues) increasing the probability that the sequence will occur by chance in an unrelated sequence. These black peptides are found in a variety of other proteins and organisms, including ribosome inactivating proteins (homologues of ricin) from other plants such as African oil palm (Elaeis guineenis) and mistletoe (genus Viscum), etc., but also from various completely unrelated organisms.
Trypsin cleaves peptide bonds on the C-terminal side of lysine (K) or arginine (R) residues. However, it is common in proteomics analyses to observe peptides (called semitryptic or partially tryptic) with only one terminus conforming to the expected specificity of trypsin, due to the action of endogenous proteases in the sample. We have restricted our analysis to fully tryptic peptides, that is, those both preceded and terminated by K or R, because they are generally regarded as more confident identifications. However, for purposes of assigning uniqueness categories, we counted matches to ricin tryptic peptides in a partially tryptic context. For example, the sequence YTFAFGGNYDR occurs in ricin preceded by R. It is also found in B9T1S2 and B9T1S4 (RLP3 and RLP4 in the nomenclature of Weeks et al. (2010) ) preceded by a proline residue (P), but in no other protein in NCBInr. YTFAFGGNYDR is classified as blue because the sequence occurs in a non-ricin castor plant protein, even though observing this peptide in a tryptic digest of B9T1S2 and B9T1S4 would require positing a non-tryptic cleavage. This rule results in a more conservative uniqueness category.
The amino acids leucine (L) and isoleucine (I) are structural isomers with identical masses, and as such are not distinguishable by the mass spectrometric methods used here. We therefore checked our BLAST search results for I/L and L/I substitutions, and found none that changed the uniqueness classification for any peptide.
Occurrence of ricin-specific peptides in forensically relevant samples
At least one red peptide was detected in every LC-MS/MS dataset, including in every seed type and in every preparation method, with the exception of two datasets from the 611 Sanguineus seed type (Figs. 2, Fig. 3 ). Blue and black peptides were also detected in every experiment. The Savana hybrid, the Suriname Carmencita, the Sanguineus, and the unknown Utah samples all have lower peptide counts than the other samples. These samples were originally collected for an analysis of isotope ratios in castor seeds, and have been autoclaved and then stored at ambient conditions for more than eight years (Kreuzer et al., 2013) . We have observed that autoclaving leads to a reduced number of peptides detected (data not shown). Autoclaving may alter the solubility of ricin, or sample aging may lead to increased proteolysis of ricin and other seed proteins by endogenous proteases.
The overall percent amino acid sequence coverage of ricin for each sample group is displayed in Fig. 2 . Sequence coverage also varies with preparation type and cultivar. For comparison, the theoretical sequence coverage due to red peptides (that is, the coverage if every fully tryptic red peptide with no missed trypsin digestion sites were detected) is 35.73% (189/529 residues). Fig. 3 reports spectral counts for each fully tryptic red, blue, and black ricin peptide detected in this study. Spectral counts are the number of MS/MS spectra per data file matched to the indicated peptide (peptide-spectrum matches, PSMs) with high confidence. Spectral countingdusing the summed spectral counts of all of a protein's peptides as a measure of its relative abundance between samplesdis a well-established, if somewhat approximate, method of quantitation of protein abundance (Lundgren et al., 2010) . Similarly, spectral counting at the peptide level allows rough comparisons of the relative abundance of single peptide between datasets. Observation of a spectral count requires not only detection of the signal of the peptide molecular ion (precursor ion), but also isolation and fragmentation of the precursor ion, detection of the fragment ions, and recognition of the fragment ion spectrum (MS/MS spectrum) by the database search software. All of these processes depend on sequence-dependent physicochemical properties of the peptide such as size, ionizability, hydrophobicity, and fragmentation propensity. Therefore, direct comparison of a single peptide sequence across datasets is possible, but comparing different peptide sequences is best done only in a qualitative way. For instance, a difference one spectral count versus two is likely not meaningful, but one versus 10 or more likely is meaningful. Fig. 3 breaks down the data by peptide sequence and dataset, including replicates. Like all peptides, some ricin peptides are detected with more frequency than others, both within an individual run and between different samples (Fig. 3) . No red peptides were detected in all samples, but several red peptides were detected in most datasets, particularly if the autoclaved samples are disregarded.
Figs. 2 and 3 together show that more blue peptides were detected than red, and with greater frequency. Due to their shared sequences with ricin-like proteins, detection of a blue peptide could be due to either the presence of ricin or to the presence of one or more ricin-like proteins, or both.
We also detected several peptides specific (with respect to the castor plant genome sequence) for RCA120 (data not shown). There are sixteen such peptides based on analysis of the sequence, and we observed 12 of them with at least one PSM in every dataset.
Occurrence of RLP-Specific peptides
To determine the presence of ricin-like proteins in our castor seed samples, we first determined the list of all tryptic peptide sequences from ricin-like proteins or ricin homologues in the castor plant that are not shared with either ricin or RCA120. These peptides, if present, imply the presence of their respective parent RLP(s). Fig. 4 tabulates the spectral counts for each RLP-derived peptides found in our data. Most RLP peptides were only observed in a few experiments, and generally only with a single PSM. (The two exceptions to this statement, the peptides DGLCVDVR and LSTAIQESNEGAFASPIQLQR, will be discussed separately.)
Many (but not all) proteomics researchers consider a single peptide or peptide-spectrum match insufficient evidence for the presence of a protein (Bradshaw et al., 2006; Deutsch et al., 2016; Kim et al., 2010) . Approaches vary, but requiring two peptides with two PSMs each per dataset is fairly conventional. If we follow this rule, the only RLP confidently identified is B9T1S1, and that only in a single dataset from TMVCH1 seeds. If we apply a less restrictive standard, requiring at least two peptides with at least one PSM, then B9T1S1 would be judged to be present in 4/9 TMVCH1 samples. B9T1S4 would be judged to be present in 4/9 TMVCH1 samples, as well as 3/9 GCH4 samples, and one sample each of the 592, 829, and PNNL seeds. The data thus hint at the possibility of variation in RLP content between castor varieties/ cultivars. The low spectral counts and sporadic detection in biological replicate samples suggests that levels of these RLPs in our samples may be close to the limit of detection for spectral counting. Certainly, such low spectral counts show that these RLPs are far less abundant than ricin in our samples (compare Figs. 3 and 4) . No other peptides belonging to B9T1S1 or B9T1S4 were detected besides those indicated in Fig. 4 .
Two RLP peptides have consistently higher spectral counts than the others, but our data strongly suggest that spectral counts for these peptides are inflated by well-known sample preparation and data analysis artifacts. The peptide DGLCVDVR from B9SSU3 was observed in all but one experiment with 1e4 spectral counts per experiment. This peptide differs from the corresponding ricin peptide NGLCVDVR only in the underlined position, which is residue 17 in the ricin B chain. Asparagine (N) residues are known to undergo chemical deamidation, either in vivo, or in vitro as an artifact of sample preparation (Ren et al., 2009; Yang and Zubarev, 2010) . The products of deamidation of asparagine residues are aspartic acid (D) or iso-aspartic acid, both of which have 0.984 Da greater mass than asparagine. The deamidation product of the ricin peptide NGLCVDVR is DGLCVDVR, indistinguishable from the RLP peptide DGLCVDVR. Therefore, the observation of a PSM for DGLCVDVR could be interpreted as evidence for the presence of either ricin or B9SSU3. Although we cannot conclusively rule out the presence of B9SSU3 based on the data, there are indications that these PSMs are due to deamidation of the ricin peptide. First, no other unique peptides from B9SSU3 were detected, even though the B9SSU3 sequence has several other unique tryptic peptides with sequences favorable for LC-MS/MS detection. Second, asparagine followed by glycine (NG) is especially prone to deamidation (Krokhin et al., 2006) , and asparagine 17 in ricin is predicted by a structure-based computational method to have a short half-life, although it is not deamidated in vivo (Bergstr€ om et al., 2015) . Third, there is one other ricin peptide in our sample that contains the sequence NG (FHNGNAIQIWPCK). This peptide also shows extensive deamidation ( Supplementary Fig. S1 ), although the extent varies considerably across the datasets, which proves that deamidation occurs under the conditions of our experiments. Therefore, the evidence for the presence of the protein B9SSU3 provided by the observation of DGLCVDVR is equivocal at best. The data are explained more parsimoniously by the presence of ricin and deamidated ricin.
The peptide LSTAIQESNEGAFASPIQLQR from B9T1S2 was also observed with exceptionally high spectral counts (Fig. 4) . This peptide could also result from deamidation of glutamine (Q) in the ricin sequence LSTAIQESNQGAFASPIQLQR to form glutamatic acid (E), analogous to the NGLCVDVR/DGLCVDVR case. Another possible explanation is the data processing artifact known as a 1-Dalton shift (see Supplementary Text) . A careful examination of the precursor mass spectra, extracted ion chromatograms and fragmentation spectra (Supplementary Text and Fig. S2) shows that the predominant species is in fact LSTAIQESNQGAFASPIQLQR, the unmodified sequence derived from ricin and/or RCA120. The peptide LSTAIQESNEGAFASPIQLQR, whether derived from B9T1S2 or from deamidation of ricin or RCA120, is also present, but at a much lower level. The chromatographic coelution of the two species and the existence of multiple potential deamidation products (Fig. S2 ) makes this level difficult to quantify, but we estimate that the amidated (ricin/RCA120) extracted ion chromatogram peak area is typically on the order of 10 times greater than the deamidated (ricin-like protein B9T1S2) peak area. Therefore, the evidence for the presence of B9T1S2 in our samples is also equivocal. Again, we cannot rule out the presence of B9T1S2 in any of our samples, but neither is there strong evidence for it.
Discussion
Peptide uniqueness and protein identification
In peptide-based (or "bottom-up") proteomics, trypsin digestion breaks proteins down into a set of peptides with a size and charge distribution that is very amenable to LC-MS/MS analysis, with greater sensitivity and better chromatographic separation than intact protein analysis. However, digestion destroys information about the sequence context of a peptide: after digestion, it is no longer possible to determine the protein that gave rise to a particular peptide. In cases where a peptide maps back to only one protein in the organism of interest, as is usually the case in prokaryotes, this situation does not pose a problem. But in higher organisms, where isoforms, paralogues, and splice variants are the Fig. 3 . Occurrence of ricin-specific (red), castor plant specific (blue) and other (black) peptides derived from tryptic digestion of ricin. Colors designate uniqueness as described in Fig. 1 . Each column contains a single tryptic peptide and each row represents a single LC-MS/MS run with the sample as indicated in the first three columns. Multiple rows within a sample type indicate replicates, generally three biological replicates (i.e., a different group of castor seeds from the indicated source) and three technical replicates, except in the case of the M4 preparation method, where the replicates were three injections of the same sample. Data are spectral counts (the number of times an MS/MS spectrum is matched to the indicated peptide by the peptide identification software).
rule rather than the exception, it is not always possible to uniquely infer the presence of a particular protein in a sample because the constituent peptides could come from several different proteins. This situation is known as the "protein inference problem" in proteomics and has been an active area of research (Huang et al., 2012) . For forensics, protein inference considerations mean that not every observed peptide from a targeted protein provides equal evidence for the presence of that protein.
Since forensics applications face the further challenge of potentially unknown sample composition, the possibility of protein sources from other organisms must also be considered. Alternative protein sources for observed peptides must be considered. The in silico analysis presented in Fig. 1 and Table 2 was motivated by a desire to determine the set of peptides whose presence in the sample necessarily implies that ricin (and not another parent protein) is present in the sample. In many LC-MS/MS studies of ricin to date (Fredriksson et al., 2005; Kalb and Barr, 2009; Kalb et al., 2015; Schieltz et al., 2011) , shared peptides among ricin D, ricin E and RCA120 have been considered, but less attention has been given to ricin-like proteins and sequences shared with other organisms. Fredriksson et al. (2005) did account for one variant ricin sequence. Worbs et al. (2015b) , in their thorough characterization of a ricin reference material, also checked for matches to ricin tryptic peptides in the NCBI database. For some peptides they reach the same conclusions we do. For instance, they note that the peptide LTTGADVR (black in our analysis) is also found in a protein from the snail Pomacea flagellata, and that ASDPSLK (also black) matches other proteins. AGNSAYFFHPDNQEDAEAITHLFTDVQNR and Fig. 4 . Occurrence of peptides specific to ricin-like proteins. The peptides listed are all the peptides that (within the castor genome) arise only from one or more ricin-like proteins, and not from ricin or RCA120. Data are spectral counts (the number of times an MS/MS spectrum is matched to the indicated peptide by the peptide identification software).
NDGTILNLYSGLVLDVR (both red) were recommended as "diagnostic" or "proteotypic" for ricin. However, there are other peptides which Worbs et al. list as diagnostic that we determine to be blue or black (SNTDANQLWTLK, black, found in type II ribosome inactivating proteins from other species; VGLPINQR, black, also found in Clostridium sordelli). This discrepancy is due to the growth of the database since their analysis was conducted (S. Worbs and B. Dorner, personal communication) . This phenomenon is known as signature erosion, and highlights the database-dependent nature of this type of analysis.
The specificity designations are completely dependent on the choice (and date) of the sequence database. Our analysis is based on the NCBInr database, accessed in December 2016. While this database does not contain all known sequences (for instance, sequences from environmental metagenomics projects are not included) it represents a balance between completeness and ease of access. Using such a large database (~129 million entries) results in a more conservative determination of peptide uniqueness categories than would result from a smaller database. For example, Dupr e et al. (2015), performed BLAST searches using the much smaller Uniprot KB/SwissProt database (~555,000 entries), and accordingly listed some peptides to be unique/specific that we report as blue or black.
Proposed guidelines for ricin identification developed by the Organization for the Prohibition of Chemical Weapons (OPCW) recommend stating the uniqueness of a detected peptide when reporting results, but did not provide an analysis of peptide uniqueness for reference, nor did they address ricin-like proteins (Organization for the Prohibition of Chemical Weapons Scientific Advisory Board, 2012). Some LC-MS/MS studies using targeted peptide measurements have selected peptides that are not completely specific to ricin (Kalb et al., 2015; Schieltz et al., 2011) , but are shared with other organisms. In a research study for which the origin of the sample is known, peptide sequences shared with other species do not necessarily present a problem, but peptide uniqueness should be considered in assay development for forensics. Our list of peptides by uniqueness (Table 2) should have value for researchers designing such targeted assays, with the caveat that the analysis must be periodically updated as databases grow.
Even though only the peptides unique to ricin (designated by the color red in this paper) necessarily imply the presence of ricin, the other peptides (blue and black) still have value. For instance, demonstrating that an unknown sample contains material from the castor plant (i.e., by detecting blue peptides) may be important as evidence or as an investigative lead. Even detecting several black peptides might strongly point to the presence of ricin, since the alternative explanation is an increasingly improbable collection of exotic species in a single sample. For example, if the black peptides VGLPINQR, WQIWDNGTIINPR, and LEQLAGNLR are detected, either the sample contains the bacterium Clostridium sordelli, one of two strains of the bacterial genus Synechococcus, and a plant from the genus Viscum (mistletoe)dor it contains ricin (see Table 2 ). Thus, targeted assays that use multiple blue or black peptides, such as that described in Dupr e et al. (2015) can still achieve an overall high specificity.
Many of the "red" peptides presented in this table are longer than is optimal for targeted mass spectrometry studies using techniques such as multiple-reaction monitoring (MRM) . However, the purpose of this work was not to select peptides for targeted experimentsdothers have already done this (Dupr e et al., 2015; Schieltz et al., 2015) . Our purpose was to identify peptides that would exclusively indicate the presence of ricin as opposed to other proteins in general and castor plant RLPs in particular. For those whose goal is to develop targeted mass spectrometry experiments, criteria such as peptide length, fragmentation efficiency, and absence of post-translational modifications are critical. In this regard, it is unfortunate but unavoidable that in general, the red tryptic peptides in ricin are generally too long for optimal performance in targeted mass spectrometry assays. Selecting a greater number of partially specific (blue) or nonspecific (black) peptides will increase the specificity of the overall assay. The use of additional proteases with different specificity could potentially generate more suitable peptides. Combining mass spectrometry with antibody-based enrichment of ricin increases the sensitivity of the assay by enriching ricin, but antibody binding does not prove that a detected peptide came from ricin unless the cross-reactivity of the antibody for other proteins containing that sequence has been characterized. Importantly, cross-reactivity has not generally been characterized for RLPs other than RCA120 .
The division of peptides into red (unique to the ricin protein sequence), blue (unique to R. communis but shared between ricin and one or more other R. communis proteins) and black (shared between ricin and proteins from one or more other species) is logically compelling, but it is necessarily operational and provisional. The analysis is based on publicly available protein sequence databases, which are not complete or static; new sequences from every domain of life are constantly being added. Therefore, periodic updates of the classifications in Table 2 are necessary. At a minimum, any peptide to be reported as evidence should have its uniqueness classification verified at the time of reporting, using publicly available online sequence search tools such as BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Also, so far we have only considered a single ricin sequence. OPCW defines ricin as "All forms of ricin originating from Ricinus communis, including any variations in the structure of the molecule arising from natural processes, or man-made modification designed to maintain or enhance toxicity" (Organization for the Prohibition of Chemical Weapons Scientific Advisory Board, 2009). Future work should consider the impact of population variation in the ricin sequence . Finally, because the complete "biological universe" of protein sequences is unknowable, despite ever-expanding databases, we note that approaches based on unique peptide sequences can never be exhaustive. The red peptides in this study are unique to ricin based on all sequences in NCBInr, but NCBInr is only a fraction of all sequences present in all biological entities. Statistical models (similar to those used for human DNA sequences) that describe the degree to which peptide sequences are characteristic of particular proteins or organisms are therefore highly desirable. Such models are under development in our laboratory.
Importance of ricin-like proteins
Evidence for ricin-like proteins
As discussed in the Introduction, there is solid evidence for the existence of RLPs at the genome level (Chan et al., 2010; Halling et al., 1985; Tregear and Roberts, 1992) and for their expression in castor seeds at the transcript level (Loss-Morais et al., 2013) . In addition, two published proteomics studies of dissected castor seed tissues have reported the detection of peptides from ricin-like proteins. In their study of the castor seed nucellus, Nogueira and coworkers (Nogueira et al., 2012b) reported detection of peptides from three ricin-like proteins: B9RRJ1 (four peptides), B9STV4 (13 peptides, but 4 of them are shared with B9STV5) and B9T1S1 (two peptides). We did not detect B9RRJ1 or B9STV4. This omission is not surprising, because the extensive fractionation procedure employed by Nogueira et al. (dissection of a single tissue, the nucellus, from the seed and protein fractionation by gel electrophoresis) results in improved proteome coverage relative to the crude whole seed extract we used. Our results are consistent with the presence of B9T1S1 at low levels, at least in TMVCH1 seeds (Fig. 4) .
In their later study of endosperm tissue (Nogueira et al., 2013) , the same group reported detecting peptides from five ricin gene family members: B9T7K1, B9T8T6, B9T1S0, B9SSU3, and B9T1S2 (see Supplementary Table 1 of ref (Nogueira et al., 2013) ). B9T7K1 is essentially an allele of RCA120, having only four amino acid point mutations with respect to the reviewed UniProt entry for RCA120, P06750. They report peptides containing all four of these mutations, suggesting that the RCA120 allele found in the Nordestina cultivar they studied (Nogueira et al., 2012a) resembles B9T7K1. Eight peptides are listed for B9T8T6, but this entry is a fragment of the ricin sequence, spanning residues 358 to 576 of preproricin. Therefore all the peptides identified also belong to ricin and there is no unique evidence that B9T8T6 is expressed (F.C.S. Nogueira, personal communication). They list seven peptides for B9T1S0, but B9T1S0 and B9T5T9 are reported as members of the same protein group according to the maximum parsimony protein inference used (F.C.S. Nogueira, personal communication). As in our data, B9SSU3 was supported only by DGLCVDVR and is suspect for the reasons discussed above. They report eight peptides for B9T1S2, but all but LSTAIQESNEGAFASPIQLQR are shared with either ricin or RCA120, and it is plausible that identification of LSTAIQESNEGA-FASPIQLQR in their study suffered from the same artifacts as in ours.
These results are summarized in Table 1 . Interestingly, out of the six RLPs identified by sequence analysis and found to have enzymatically active A chains in vitro Weeks et al., 2010) , there is evidence for only two in castor seeds: RLP4/ B9T1S4 and RLP1, which is RCA120. Possibly the others are expressed in different tissues or at different points in development, or simply not detected for a variety of reasons. Conversely, other RLPs that were not identified by the sequence analysis in Weeks et al. (2010) were detected in some seeds, such as B9T1S1. Differences between cultivars could potentially explain this observation.
Our general observation that ricin and RCA120 (particularly ricin) are more abundant than RLPs agrees with transcript level measurements by Loss-Morais et al. (2013) , who found that ricin transcripts were more abundant than other RLP transcripts by up to 1-2 orders of magnitude.
Forensic implications of ricin-like proteins
The presence in the castor genome of RLPs (including RCA120), the R. communis proteins that have peptides in common with ricin, is what creates the distinction between red and blue peptides. Whether the forensic community needs to develop analytical methods that distinguish ricin, RCA120, and RLPs, or methods that detect all of these proteins, is ultimately a legal and policy question more than a scientific question. However, our data bear on this issue by suggesting that impact of RLPs on this type of untargeted LC-MS/MS proteomics analysis of crude castor seed preparations is minimal. With the exception of certain RLPs that may be present at low levels (notably B9T1S1, B9T1S4, and possibly B9T1S2), ricin and RCA120 together are sufficient to explain the large majority of PSMs to RLP peptides in our datasets. Also, ricin and RCA120 are far more abundant than RLPs. Peptide-spectrum matches supporting the presence of B9SSU3 can be explained by deamidation of a ricin peptide during sample preparation. The high spectral counts for a peptide from B9T1S2 are at least partly explained by a 1-Da shift error in the precursor mass, and deamidation may play a part as well. Therefore, if a blue peptide is detected it is more likely to have originated from ricin than from a ricin-like protein. We defined the blue class of peptides as those shared between ricin and other castor plant proteins, such that detection of a blue peptide implies the presence of castor plant biomass in a sample, but not necessarily the presence of ricin. In light of our proteomics data, we suggest that blue peptides not shared with RC120 not only demonstrate the presence of castor plant biomass, but they strongly suggest the presence of ricin. If supported by further empirical or statistical studies, it may even be justified to consider non-RCA120 derived blue peptides as evidence of the presence of ricin.
Conclusions
This research had two major goals: to determine which tryptic peptides from ricin are most useful as evidence of ricin, and to clarify the importance of RLPs in the detection of ricin in forensically relevant samples. We accomplished the first goal by determining the peptides that uniquely identify ricin and no other proteins present in NCBInr (the "red" peptides in Table 2 ). Most forensic or biosecurity-oriented studies have considered only ricin and RCA120, but not other, less well-characterized RLPs. Our in silico sequence analysis answers the question of which peptides can serve to uniquely identify ricin, which uniquely identify the castor plant R. communis, and which are shared with other species. This information is critical for developing decision criteria for determining the overall result of an LC-MS/MS analysis for ricin as positive or negative. This analysis depends on the choice of NCBInr as the background database. Future efforts should focus on statistical models of peptide occurrence that can assign a weight of evidence to each detected peptide, which will be less influenced by additions to the database.
As for the second goal (whether the presence of RLPs influences determination of ricin) our LC-MS/MS proteomics studies, together with other available evidence, suggests that ricin and RCA120 are by far the most abundant RLPs in forensically relevant crude castor seed extracts, with other RLPs being only minor components. Certain RLPs (B9T1S1, B9T1S4/RLP4, and possibly B9T1S2) are very likely present in castor seed extracts in a cultivar-dependent manner. However, the apparent low levels of peptides unique to RLPs (other than RCA120) imply that the shared peptides are more likely to come from ricin. Therefore, detection of these shared peptides may be sufficient to confidently identify ricin if the questioned material is known to be derived from castor seeds.
Our results suggest that it is reasonable to consider ricin D, ricin E, and RLPs and potentially even RCA120 as "ricins" or isoforms of ricin. At least one published study has already used this terminology (Nogueira et al., 2013) . The parallel case of abrin, a related forensically relevant ribosome inactivating protein from Abrus precatorius, is instructive. A search in the UniProt database for "abrin" returns several entries, all named as isoforms of abrin (A, B, C, D, and G), and collectively considered "abrins." The conception usually used for abrin more closely matches the biological situation. By focusing on a single protein sequence, the model implicitly used for ricin ignores other proteins that come exclusively from the same source and have very similar molecular function . Focusing on a single sequence also leads to missing natural genetic variantsdseveral alleles of the ricin gene have been reported .
The resulting need for qualitative assays with highly tuned specificity for a number of related analytes is well met by mass spectrometry-based untargeted proteomics methods. Additional sequence variants can easily be detected in LC-MS/MS data without developing new assays, simply by including the desired sequences in a new round of data analysis. Finally, we note the increased scrutiny of the empirically measured error rates for forensic science methods (President's Council of Advisors on Science and Technology, 2016) . Proteomics as a discipline has devoted considerable effort to such questions over many years, and is therefore well positioned to play a growing role in forensic science.
